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The Lewis Research Center has been engaged i n  an  at tempt  t o  i d e n t i f y  t h e  
mechanisms l i m i t i n g  t h e  open-c i rcu i t  v o l t a g e  i n  0.1-ohm-cm s o l a r  c e l l s .  I n  t h e  
course  of t h i s  work i t  was found t h a t  a  r a t h e r  complicated m u l t i s t e p  d i f f u s i o n  
process  could produce c e l l s  w i t h  s i g n i f i c a n t l y  improved vo l t ages .  Concurrent 
w i th  t h e  Lewis e f f o r t ,  s e v e r a l  o the r  l a b o r a t o r i e s  have been pursuing a l t e r n a t i v e  
approaches under va r ious  NASA c o n t r a c t s .  The b e s t  Lewis r e s u l t s  t o  d a t e  and 
t h e  b e s t  r e s u l t s  from o t h e r  l a b o r a t o r i e s  a r e  compared i n  f i g u r e  1. Together 
wi th  t h e  Lewis r e s u l t s ,  t h e  f i g u r e  shows t h e  air-mass-zero (AMO) open-c i rcu i t  
vo l t age  a s  a  func t ion  of t h e  s h o r t - c i r c u i t  c u r r e n t  f o r  t h e  Univers i ty  of Flor-  
i d a ' s  charged-oxide, high-low emi t t e r  c e l l  and f o r  t h e  S p i r e  Corpora t ion ' s  ion- 
implanted emi t t e r  c e l l s  and publ ished r e s u l t s  f o r  t h e  Univers i ty  of New South 
Wales' metal-insulator-seminconductor (MIS) c e l l  ( r e f .  1 ) .  To compare t h e  v o l t -  
age c a p a b i l i t i e s  of t h e s e  c e l l s ,  independent of t h e i r  abso rp t ion  and c o l l e c t i o n  
e f f i c i e n c i e s ,  w e  must compare them on t h e  b a s i s  of t h e i r  s a t u r a t i o n  c u r r e n t s  o r ,  
equ iva l en t ly ,  compare t h e i r  v o l t a  e  ou tpu t s  a t  a  cons tan t  cur ren t -dens i ty  l e v e l .  
I f  we a r b i t r a r i l y  choose 25 mA/cmq o r ,  a s  p l o t t e d  i n  f i g u r e  1, 100 mA/4 cm2 a s  
t h e  r e f e rence  c u r r e n t  dens i ty  and assume i d e a l  d iode  c h a r a c t e r i s t i c s ,  we s e e  
t h a t  t h e  h ighes t  v o l t a g e  (648 mV) i s  obtained from t h e  F lo r ida  c e l l .  The Lewis 
c e l l  and t h e  S p i r e  c e l l  y i e l d  about 637 m i l l i v o l t s ,  and t h e  New South Wales c e l l  
about 632 m i l l i v o l t s .  The open-c i rcu i t  v o l t a g e  i s  def ined  throughout t h i s  paper 
a s  t h e  v o l t a g e  obta ined  a t  a  c u r r e n t  d e n s i t y  of 25 mA/cm . 
The Lewis m u l t i s t e p  f a b r i c a t i o n  schedule i s  descr ibed  i n  f i g u r e  2,  a long 
wi th  a  l i s t  of processing cond i t i ons  t h a t  have r e s u l t e d  from a  p a r t i a l  optimi- 
z a t i o n  e f f o r t .  The schedule c o n s i s t s  of t h r e e  s t e p s ,  a l l  of which have been 
found t o  be  necessary.  The f i r s t  s t e p  i s  a  r e l a t i v e l y  deep d i f f u s i o n .  This  
primary d i f f u s i o n  i s  followed by an ac id-e tch  removal of t h e  e m i t t e r  s u r f a c e  
such t h a t  t h e  f i n a l  s h e e t  r e s i s t a n c e  i s  i n  t h e  10- t o  12-ohm/ range.  The 
e tch ing  s t e p  i s  then  followed by a  s h o r t ,  low-temperature secondary d i f f u s i o n .  
F i n a l  j unc t ion  depths  ranged from 1 t o  4 micrometers.  
A s  s t a t e d ,  t h e  schedule has no t  been completely optimized. Consider,  f o r  
example, t h e  t ime of t h e  primary d i f f u s i o n .  A s  shown i n  f i g u r e  3,  w e  have found 
a  d i r e c t  c o r r e l a t i o n  between t h e  primary d i f f u s i o n  t ime and t h e  open-c i rcu i t  
vo l tage .  A s  can be seen ,  t h e  h ighes t  v o l t a g e  was obtained f o r  t h e  longes t  d i f -  
f u s i o n  t ime ( i . e . ,  637 mV f o r  a  65-hr d i f f u s i o n ) .  
A s  t h e  d i f f u s i o n  t ime i s  lengthened,  c e l l  f a b r i c a t i o n  becomes inc reas ing ly  
cumbersome. It was decided,  t h e r e f o r e ,  f o r  experimental  expediency, t o  inves- 
t i g a t e  t h e  mechanisms a s soc i a t ed  wi th  t h e  i n c r e a s e  i n  d i f f u s i o n  t ime t h a t  l ead  
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t o  improved vo l t ages .  The i d e n t i f i c a t i o n  of t h e s e  mechanisms should permit  u s  
t o  achieve  t h e  increased  vo l t ages  i n  more convent ional  s t r u c t u r e s .  
The f i r s t  s t e p  i n  t h e  i n v e s t i g a t i o n  was t o  determine which reg ion  of t h e  
c e l l  was r e s p o n s i b l e  f o r  v o l t a g e  c o n t r o l  ( i . e . ,  base ,  e m i t t e r ,  o r  dep le t ion  r e -  
g ion) .  S ince  t h e  c e l l s  f a b r i c a t e d  by t h e  m u l t i s t e p  technique e x h i b i t  i d e a l  
diode c h a r a c t e r i s t i c s ,  d e p l e t i o n  r eg ion  e f f e c t s  w e r e  r u l e d  ou t .  
To determine t h e  degree  of c o n t r o l  exerc ised  by t h e  base  and e m i t t e r  com- 
ponents of t h e  s a t u r a t i o n  c u r r e n t ,  s e v e r a l  experiments were performed. I n  f i g -  
u r e  4  t h e  open-circui t  v o l t a g e  i s  p l o t t e d  a s  a func t ion  of t h e  base  d i f f u s i o n  
l eng th  a s  measured by t h e  X-ray technique f o r  c e l l s  r ece iv ing  a 4-hour, 950' C 
primary d i f f u s i o n .  The o t h e r  f a b r i c a t i o n  cond i t i ons  f o r  t h e s e  c e l l s  a r e  a s  
i nd ica t ed  i n  f i g u r e  3 .  Superimposed on t h e  d a t a  i n  f i g u r e  4  a r e  those  ca l cu la -  
t ed  curves t h a t  have been f i t  t o  t h e  d a t a  a t  t h e  p o i n t  i nd ica t ed .  The upper 
curve is  what would be expected i f  t h e  base component of t h e  s a t u r a t i o n  c u r r e n t  
were only 1 0  percent  of t h e  t o t a l  s a t u r a t i o n  c u r r e n t  a s  c a l c u l a t e d  a t  t h e  f i t  
po in t .  Also shown a r e  what would be expected f o r  40 and 100 percent  base  con- 
t r o l .  The c l o s e s t  f i t  occurs  when we assume complete base  c o n t r o l .  
A s i m i l a r  p l o t  f o r  c e l l s  d i f f u s e d  a t  950' C f o r  41 hours i s  given i n  f i g -  
u r e  5. The v o l t a g e s  i n  t h i s  p l o t  a r e  gene ra l ly  h igher  than  those  i n  f i g u r e  4 ,  
an i n d i c a t i o n  of r educ t ion  of t h e  base  s a t u r a t i o n  c u r r e n t  wi th  inc reas ing  d i f -  
f u s i o n  t i m e .  A s i m i l a r  s e t  of c a l c u l a t e d  curves  on t h i s  p l o t  i n d i c a t e  base  
c o n t r o l ,  a l though t h e r e  i s  now some evidence of e m i t t e r  i n f luence .  Best agree-  
ment w i th  t h e  experimental  d a t a  i s  obta ined  f o r  t h e  c a s e  where, a t  t h e  f i t  p o i n t ,  
t h e  base  c o n t r i b u t e s  80 percent  of t h e  device  s a t u r a t i o n  c u r r e n t  and t h e  e m i t t e r  
20 percent .  
These two p l o t s  c o r r e l a t e  w i th  t h e  r e s u l t s  of t h e  s p e c t r a l  response meas- 
urements made both  wi th  0.5-micrometer-wavelength l i g h t ,  which i s  absorbed com- 
p l e t e l y  i n  t h e  e m i t t e r ,  and 0.9-micrometer-wavelength l i g h t ,  which i s  absorbed 
mostly i n  t h e  base.  F igu re  6 shows t h e  r e l a t i o n s h i p  between t h e  open-c i rcu i t  
v o l t a g e  and t h e  monocJromatic 0.5- and 0.9-micrometer s p e c t r a l  responses  f o r  
c e l l s  f a b r i c a t e d  wi th  4-hour, 950' C primary d i f f u s i o n s .  The parameters  t h a t  
a f f e c t  t h e  c u r r e n t  ou tput  from a  given r eg ion  of t h e  c e l l  ( i . e . ,  base o r  e m i t t e r )  
should a l s o  a f f e c t  t h e  v a l u e  of t h e  s a t u r a t i o n  c u r r e n t  from t h a t  reg ion .  I f ,  
t h e r e f o r e ,  t h e  base  component of t h e  s a t u r a t i o n  c u r r e n t  were c o n t r o l l i n g  t h e  
vo l t age ,  w e  would expect a  p o s i t i v e  c o r r e l a t i o n  between t h e  base  c u r r e n t  (0.9- 
urn response)  and t h e  open-c i rcu i t  vo l t age .  That f i g u r e  6 shows such a  c o r r e l a -  
t i o n  i s  f u r t h e r  evidence t h a t  t h e  base  is  v o l t a g e  c o n t r o l l i n g  i n  t h e s e  c e l l s .  
These arguments apply i n  a  s i m i l a r  f a sh ion  t o  t h e  e m i t t e r  reg ion .  The 
l a c k  of c o r r e l a t i o n  between t h e  v o l t a g e  and t h e  e m i t t e r  c u r r e n t  (0.5-urn response)  
i s  c o n s i s t e n t  w i t h  t h e  no t ion  of base  c o n t r o l .  
These cur ren t -vol tage  arguments, a l though convincing, a r e  n o t  abso lu t e ly  
conclusive.  It is conceivable  t h a t  some emitter c u r r e n t  - such as t h e  d i f f u s -  
i v i t y ,  which does n o t  a f f e c t  t h e  e m i t t e r  c u r r e n t  - is  a c t u a l l y  c o n t r o l l i n g  t h e  
c e l l  vo l t age .  However, t o  be  c o n s i s t e n t  w i th  t h e  d a t a ,  t h i s  e m i t t e r  parameter 
would have t o  be  f o r t u i t o u s l y  c o r r e l a t e d  wi th  t h e  base  c u r r e n t  - a  s i t u a t i o n  
which, a l though p o s s i b l e ,  i s  very  u n l i k e l y .  These d a t a ,  t h e r e f o r e ,  a long wi th  
those  presented i n  f i g u r e s  4  and 5,  s t r o n g l y  sugges t  t h a t  t h e  open-c i rcu i t  vol-  
t a g e  of t h e  Lewis m u l t i s t e p  d i f f u s i o n  c e l l  i s  c o n t r o l l e d  by t h e  base component 
of t h e  c e l l  s a t u r a t i o n  c u r r e n t .  
S imi l a r  s p e c t r a l  response - v o l t a g e  p l o t s  f o r  a l imi t ed  sampling of F lo r ida  
high-low e m i t t e r  c e l l s  and S p i r e  ion-implanted c e l l s  a r e  showh i n  f i g u r e  7 .  The 
red response-voltage c o r r e l a t i o n  f o r  t h e  S p i r e  c e l l s  i nd ica t ed  probable base 
con t ro l .  The d a t a  f o r  t h e  F lo r ida  c e l l s ,  on t h e  o t h e r  hand, a r e  no t  very  con- 
c iu s ive .  There does n o t  appear t o  be  t h e  same c o r r e l a t i o n  wi th  r ed  response a s  
f o r  t h e  o t h e r  c e l l s ,  a  p o s s i b l e  i n d i c a t i o n  of e m i t t e r  c o n t r o l .  The r e s u l t s  of 
1-MeV-electron i r r a d i a t i o n  experiments performed a t  Lewis ( r e f .  2) on t h e s e  
t h r e e  c e l l  types support  t h e  above conclus ions  ( i . e . ,  base  c o n t r o l  f o r  t h e  
Lewis and S p i r e  c e l l s  and emi t t e r  c o n t r o l  f o r  t h e  F lo r ida  c e l l s ) .  
The preceding d a t a  suggest  s t r o n g l y  t h a t  t h e  open-c i rcu i t  v o l t a g e  i n  t h e  
Lewis d i f f u s e d  c e l l s  i s  con t ro l l ed  by t h e  base  component of t h e  s a t u r a t i o n  cur-  
r e n t .  It remains now t o  i d e n t i f y  which parameter i n  t h a t  component i s  being 
inf luenced by t h e  primary d i f f u s i o n  t ime i n  such a  way a s  t o  y i e l d  increased  
vo l t ages  as t h e  t ime i s  lengthened. 
Assuming a  high recombination v e l o c i t y  a t  t h e  r e a r  s u r f a c e  of t h e  c e l l ,  
t h e  base s a t u r a t i o n  c u r r e n t ,  IOB, is  given by t h e  well-known express ion:  
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where q  i s  e l e c t r o n i c  charge,  n i  i s  i n t r i n s i c  c a r r i e r  concent ra t ion ,  D i s  d i f -  
f u s i v i t y ,  NA is  acceptor  impuri ty  concen t r a t ion ,  L  i s  d i f f u s i o n  l eng th ,  and d  
i s  base-region width. I n  an a t tempt  t o  i s o l a t e  t h e  vol tage-cont ro l l ing  para- 
meter ,  t h r e e  c e l l s  were s e l e c t e d  t h a t  had widely d i f f e r e n t  open-c i rcu i t  v o l t a g e s  
but  n e a r l y  i d e n t i c a l  base  d i f f u s i o n  l e n g t h s ,  t h i cknesses ,  and r e a r  s u r f a c e  
t rea tments .  The primary d i f f u s i o n  t imes f o r  t h e s e  c e l l s  were 4,  16 ,  and 41  
hours.  Again, t h e s e  c e l l s  and a l l  t h e  c e l l s  d i scussed  i n  t h i s  paper exhib i ted  
i d e a l ,  d i f fu s ion -con t ro l l ed  cur ren t -vol tage  c h a r a c t e r i s t i c s .  It was reasoned 
t h a t  t h e  v o l t a g e  d i f f e r e n c e s  between t h e s e  c e l l s  must be  due t o  d i f f e r e n c e s  i n  
e i t h e r  t h e  boron concent ra t ion  and/or  p r o f i l e  o r  t h e  base minor i ty  c a r r i e r  
d i f  f u s i v i t y .  
The e l e c t r i c a l l y  a c t i v e  boron concen t r a t ion  p r o f i l e s  i n  t h e s e  t h r e e  c e l l s  
were determined i n d i r e c t l y  through a  SIMS' measurement of t h e i r  phosphorus pro- 
f i l e s .  The SIMS d a t a  a r e  shown i n  f i g u r e  8, a long wi th  o the r  d a t a  f o r  t h e s e  
c e l l s .  The d i f f u s i o n  l eng ths  i n  t h e s e  c e l l s  were t h e  same t o  w i t h i n  a  few per- 
cen t ,  a s  were t h e i r  th icknesses .  I n  t h e  f i g u r e  t h e  phosphorus concen t r a t ion  is 
p l o t t e d  a s  a  func t ion  of d i s t a n c e  from t h e  junc t ion .  The p r o f i l e s  near  t h e  
dep le t ion  r eg ion  a r e  unexpectedly s i m i l a r .  I n  f a c t ,  they appear t o  be i d e n t i -  
c a l .  This  anomalous r e s u l t  is  due t o  an  unexplained r e t a r d a t i o n  of t h e  phos- 
phorus d i f f u s i o n  f r o n t  t h a t  i n t e n s i f i e s  a s  t h e  d i f f u s i o n  t ime is  increased .  
Although such r e t a r d a t i o n  phenomena have been repor ted  i n  t h e  l i t e r a t u r e  ( r e f .  
3 ) ,  t h e  mechanisms involved a r e  s t i l l  unc lear .  
The n e t ,  o r  e l e c t r i c a l l y  a c t i v e ,  boron concen t r a t ion  on t h e  base s i d e  of 
t h e  junc t ion  can be obtained by s u b t r a c t i n g  t h e  measured phosphorus concentra- 
t i o n  from t h e  p r e d i f f u s i o n  boron concen t r a t ion ,  S ince  t h e s e  c e l l s  were a l l  
f a b r i c a t e d  from t h e  same s i l i c o n  i n g o t ,  t h e  c a l c u l a t e d  p o s t d i f f u s i o n  n e t  boron 
concent ra t ion  p r o f i l e s  must be i d e n t i c a l .  
We can conclude, t h e r e f o r e ,  t h a t  because t h e  n e t  boron p r o f i l e s ,  t h e  base  
d i f f u s i o n  l eng ths ,  t h e  th icknesses ,  and t h e  r e a r  s u r f a c e  recombination v e l o c i t i e s  
of t h e s e  c e l l s  a r e  i d e n t i c a l ,  t h e  observed v o l t a g e  d i f f e r e n c e s  must be due t o  
d i f f e r e n c e s  i n  t h e  remaining v a r i a b l e  ( i . e . ,  t h e  base  minor i ty  c a r r i e r  m o b i l i t y ) .  
To exp la in  t h e  observed v o l t a g e  i n c r e a s e s ,  one would have t o  invoke a  r educ t ion  
i n  t h e  e l e c t r o n  mob i l i t y  i n  t h e  base  a s  t h e  d i f f u s i o n  t i m e  i s  increased .  
The v a l i d i t y  of t h e s e  conclus ions  could b e  t e s t e d  through a measurement of 
t h e  base mob i l i t y  of t h e s e  t h r e e  c e l l s .  T h e o r e t i c a l l y  t h i s  could be done by 
making independent measurements of t h e  d i f f u s i o n  l e n g t h  and t h e  l i f e t i m e  and 
employing t h e  well-known r e l a t i o n  
where L  i s  d i f f u s i o n  l e n g t h  and T is  minor i ty  c a r r i e r  l i f e t i m e .  Unfortunately,  
a t tempts  t o  measure -r i n  t h e  above c e l l s  us ing  a  t r a n s i e n t  open-circui t -vol tage 
decay technique  were unsuccessfu l  because of ambigui t ies  i n  t h e  i n t e r p r e t a t i o n  
of t h e  decay curves.  We can,  however, p re sen t  some evidence t o  a t t e s t  t o  t h e  
ex i s t ence  of l a r g e  changes i n  minor i ty  c a r r i e r  mob i l i t y  w i th  d i f f u s i o n  t ime.  
The d a t a  presented i n  f i g u r e  9  were obtained a t  Lewis s e v e r a l  yea r s  ago 
during a  s tudy of shallow-junction, 10-ohm-cm devices .  It can be  seen t h a t  a s  
t h e  d i f f u s i o n  t ime was increased ,  t h e  d i f f u s i o n  l eng ths  decreased s i g n i f i c a n t l y .  
However, con t r a ry  t o  what would be expected,  a s  t h e  d i f f u s i o n  l e n g t h s  decreased ,  
t h e  open-c i rcu i t  vo l t ages  increased .  The l i f e t i m e s  of t h e s e  c e l l s  were measured 
using an open-c i rcu i t  v o l t a g e  decay (OCVD) technique,  and t h e  d i f f u s i v i t i e s  c a l -  
cu l a t ed  us ing  equat ion  (2 ) .  The r e s u l t s ,  shown i n  f i g u r e  9 ,  i n d i c a t e  a  l a r g e  
drop i n  t h e  va lue  of D a s  t h e  d i f f u s i o n  t i m e  was increased  from 30 minutes t o  2 
hours.  The decrease  i n  t h e  d i f f u s i v i t y  i n  t h i s  c a s e  was apparent ly  s u f f i c i e n t  
t o  overcome t h e  e f f e c t s  of t h e  decreas ing  d i f f u s i o n  l e n g t h  and t o  produce an  in-  
c r ease  i n  vo l t age ,  even though t h e  d i f f u s i o n  l e n g t h  was seve re ly  degraded. These 
e f f e c t s  a r e  very s i m i l a r  t o  what has  been observed f o r  t h e  p re sen t  Lewis low- 
r e s i s t i v i t y  c e l l s .  It appears  reasonable ,  t h e r e f o r e ,  on t h e  b a s i s  of t h e  d a t a  
presented above, t o  a s c r i b e  t h e  v o l t a g e  l i m i t i n g  r o l e  i n  t h e  Lewis l ow- res i s t i v i ty  
c e l l s  t o  t h e  e l e c t r o n  mob i l i t y  ( d i f f u s i v i t y )  i n  t h e  c e l l  base.  
I n  summary, it appears  t h a t  f o r  both t h e  Lewis d i f f u s e d  e m i t t e r  c e l l  and 
t h e  S p i r e  ion-implanted emi t t e r  c e l l  t h e  base component of t h e  s a t u r a t i o n  cur- 
r e n t  i s  v o l t a g e  c o n t r o l l i n g .  The evidence f o r  t h e  Univers i ty  of F lo r ida  c e l l s ,  
a l though n o t  very  conclus ive ,  sugges ts  emi t t e r  c o n t r o l  of t h e  v o l t a g e  i n  t h i s  
device.  The d a t a  suggest  f u r t h e r  t h a t  t h e  c r i t i c a l  vo l tage- l imi t ing  parameter 
f o r  t h e  Lewis c e l l  i s  t h e  e l e c t r o n  mov i l i t y  i n  t h e  c e l l  base.  The mechanisms 
involved i n  t h e  observed mob i l i t y  changes, however, await  f u r t h e r  s tudy.  
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COMPARISON OF VOLTAGE IMPROVEMENTS I N  0 , l  OHM-CM S I L I C O N  CELLS, 
OPEN-CIRCUIT VOLTAGE (AMO) 
FIGURE 1 
LEWIS CELL FABRICATION SCHEDULE 
1. PRIMARY DIFFUSION 
SURFACE CONCENTRATION 1 x 1 0 ~ ~  C M - ~  
TEMPERATURE 950' C 
T IME > 65 HRS. 
2 .  EMITTER ETCH 
SHEET RESISTANCE 1 0 - 1 2  OHM/D 
3 .  SECONDARY DIFFUSION 
SURFACE CONCENTRATION 2 x 1 0 ~ '  C M - ~  
TEMPERATURE 750' C 
T I M E  1 5  MIN,  
FIGURE 2 
OPEN-CIRCUIT VOLTAGE AS A FUNCTION OF PRINARY DIFFUSION TIME 
950' C PRIMARY DIFFUSION 
ETCHED TO 10-12 OHMS/o 
750 O C - 15 MIN. SECONDARY DIFFUSION 
,620 
0.1 1.0 10 100 
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FIGURE 3 
INFLUENCE OF BASE DIFFUSION LENGTH OFI VOLTAGE 
4 HOUR DIFFUSION 
BASE DIFFUSION LENGTH (MICROMETERS) 
FIGURE 4 
INFLUENCE OF BASE DIFFUSION LENGTH 0 1  VOLTAGE 
. 6 4 r  4 1  HOUR DIFFUSION 
BASE DIFFUSION LENGTH (MICROMETERS) 
FIGURE 5 
CORRELATION BETWEEN VOLTAGE AND CURRENT FOR SELECTED WAVELENGTHS 
0.5 UM RESPOISE (MA/MW) 0.9 UM RESPONSE (MAIMW) 
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EFFECT OF DIFFUSION TIME ON MINORITY CARRIER DI FFUSIVITY 
DIFFUSION CONDITIONS 25 L ( ~ )  q. (B)  
"0 c D 
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(A) X-RAY TECHNIQUE 
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